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INTRODUCTION
Optical fiber sensors have attractive features, including the capability of remote and distributed sensing, immunity to electromagnetic interference, wavelength multiplexing, and durability in aggressive environments, high sensitivity, fast response, light weight and small size. The simultaneous measurement of the refractive index (RI) is one of the most important issues. In the past years, various fiber optical sensing techniques have been developed for measurement of RI using a microring resonator [1] , MachZehnder interferometer [2] , long period grating [3, 4] and FBG (Fiber Bragg Grating) [5] [6] [7] . The T-O coefficient which means change of RI per variation of unit temperature is one of the important parameters determining the optical property of a medium, along with the RI. It is well known that the Bragg wavelength of cladding etched FBGs is sensitive to the RI of the surrounding material [8, 9] because the modal characteristics of FBG are affected by the liquid, through evanescent wave coupling. In order to obtain the T-O coefficient of a medium, the RI and temperature should be measured simultaneously. However, it is difficult to simultaneously measure the RI and temperature of a liquid using only a cladding etched FBG, because of the cross sensitivity between those two parameters. It has been reported that the partially cladding removed FBG can be used for simultaneous measurement of the two parameters [9, 10] .
In this paper, we have investigated a measurement method to determine the thermo-optic (T-O) coefficient, using a combination of two different FBGs. Naturally, the proposed sensor can be used for simultaneous measurement of temperature and the RI of a liquid. The cladding of one FBG is removed by wet etching. The temperature can be obtained from the Bragg wavelength of the non-etched FBG, whereas the RI of the external medium can be acquired from the difference in Bragg wavelength between the two FBGs. A graphical approach to determine the T-O coefficient of the liquid is presented. Several materials were examined, and the validity of the proposed method was experimentally proved.
THEORETICAL CONSIDERATION
The proposed fiber-optic sensor is composed of two adjacent FBGs with different Bragg wavelengths, as shown in Fig. 1 . The cladding of the second FBG is removed by chemical etching, so that the Bragg wavelength of the FBG is sensitive to the RI of the external medium, due to evanescent wave coupling. The Bragg wavelength of an FBG made of a single mode optical fiber is given by Here, the grating period ( ) and effective RI (n eff ) of the single-mode fiber core depend on the temperature applied to the fiber. Fig. 2 shows the effective RI according to the RI of an external medium, for several different remaining cladding thicknesses (d). A standard single-mode fiber (SMF 28) with a core diameter of 8.2 m is considered. In the calculation, the RIs of the core and cladding are 1.4492 and 1.4440, at 1550nm wavelength, respectively. The grating period ( ) is 0.53414 m. As the RI of the external medium (n ex ) decreased, the effective RI of the fiber mode also decreased. The relation between the two parameters is nonlinear as shown in Fig. 2 . Once the RI of an external medium is given, it is also possible to estimate the remaining cladding (d) thickness using the Bragg wavelength difference in regard to before and after cladding etching.
It is known that the Bragg wavelength of FBG is shifted in accordance with temperature due to the 95% thermooptic effect and 5% thermo-expansion effect [11] . The temperature sensitivity of the typical FBG is known to be approximately 1.1 nm/ C [10] . Therefore, the Bragg wavelength of the first FBG depicted in Fig. 1 is only dependent on temperature, and can be used for temperature monitoring. The RI of liquids is acquired using the difference between the Bragg wavelengths of the two FBGs [8, 9] . If the thermo-optic effect of the external medium is negative, the decrease of n ex with increase of temperature of the liquid results in self-compensation of the positive thermo-optic effects [10] . The change of Bragg wavelength for cladding removed FBG (second FBG) is caused by both the thermal effect of silica fiber and T-O effect of the surrounding liquid. Therefore, the change in effective RI and shift of Bragg wavelength regarding FBG is expressed as [12] :
Here, B , and B , denote change in the Bragg wavelength by the thermal effect of the fiber itself and the surrounding liquid, respectively. n eff and n eff are the corresponding variation of the effective RI contributed by the fiber itself and the surrounding liquid, respectively. If the thermal characteristics of FBG are not changed after cladding etching, B of the second FBG can be obtained from the Bragg wavelength shift of the first FBG. Since B of the second FBG can be measured experimentally, we can use B = B -B . Once the remaining cladding thickness and grating period of the cladding etched FBG are given, the change in RI of the external medium can be obtained from the B . Therefore, we can obtain the T-O coefficient defined as nex .
EXPERIMETAL RESULTS AND ANALYSIS
Two Bragg gratings were inscribed in a single mode fiber, using the general phase mask method. The gap between the first FBG and second FBG is 5.0 mm. Bragg wavelengths of the first and second gratings were designed to be 1550 nm and 1545 nm at 22°C. Although Bragg wavelengths of two the FBGs are slightly different, their thermal characteristics are assumed to be equal. The We measured the influence of the RI of a liquid surrounding both FBGs, on the reflection spectrum under a constant temperature of 22°C. For this experiment, several liquids made of the water-glycerin mixture with different RI were prepared. The RIs of liquids were adjusted by control of the mixing ratio regarding the two media, and were measured using a prism coupler (SPA 4000, Sairon Korea) at a wavelength of 1550 nm. The Bragg wavelength of the first FBG was almost fixed, regardless of the value of n ex , while that of the second FBG is sensitive to n ex , as shown in Fig. 5 . As n ex increased, the Bragg wavelength of the second FBG shifted to the longer wavelength region. Fig. 6 shows the measured Bragg wavelength, in accordance with the RI of liquids. The experimental results are in good agreement with the theoretical fit. Here, the remaining cladding thickness is assumed to be 0.47 m.
We measured the thermal properties of the proposed sensor when both FBGs were surrounded by a liquid. The experimental results are shown in Fig. 7 . The temperature sensitivity of the first FBG is approximately 0.011 nm/ °C, and its value is almost equal to a previous report [1] . In this experiment, the first FBG is used as a temperature sensor. When the cladding removed FBG (second FBG) is surrounded by air, its temperature sensitivity is almost Kwang Taek Kim In Soo Kim equal to that of the first FBG, as shown in Fig. 7 (a) . This means that the thermal characteristics of FBGs are not changed after the cladding is removed. When the liquids, water, glycerin (80 wt%), and glycerin (90 wt%) were used as the external medium, the shifts of Bragg wavelength for the second FBG were smaller than those of the first FBG.
This phenomenon is the result of the negative thermooptic coefficient of liquids. Using the Bragg wavelength shift of the two FBGs and the difference of two Bragg wavelengths, the T-O coefficient of the liquid is determined. Fig. 8 explains how we determine the T-O optic coefficient of the pure water depicted in Fig. 7 (b) . When the temperature of the water was increased from 30 to 40 °C, the measured B of the first FBG and B of the second FBG were + 0.011 nm and + 0.009 nm. Therefore, B was -0.002 nm. This corresponds to a RI change of 0.008 of the liquid during a change of 10°C. Therefore, the T-O coefficient of pure water was -0. 8 10 -4 /°C. This result is well matched with previously reported works [8, 12] . In this way, we could find that the T-O coefficients of glycerin (90 wt%) depicted in Fig. 7(d) was -2.9 10 -4 /°C.
In this paper, we have investigated the thermal characteristic of the cascaded cladding etched FBG and non-etched FBG, to detect the T-O coefficients of a liquid. A simple graphical approach is presented to acquire the T-O coefficient. The validity of the proposed methods was experimentally demonstrated. Naturally, the sensor can be used for simultaneous measurement of temperature and RI.
CONCLUSIONS
We have studied a measurement method for the T-O coefficient of a liquid, based on a combination of two different FBGs. One of FBGs was wet etched and its cladding was removed to obtain evanescent wave sensing. The remaining cladding thickness after wet etching was We found that the temperature sensitivity of the Bragg wavelength for the cladding removed is almost equal to that of the standard FBG when the etched region was surrounded with air. However, when the cladding removed FBG was surrounded with a liquid its Bragg wavelength sensitivity to temperature was smaller than that of the non-etched FBG, because of the negative T-O coefficient of the liquid. We have presented a simple graphical method to obtain the T-O coefficient of a liquid using the Bragg wavelength shift of two FBGs in accordance with temperature, and the experimental results demonstrated the validity of the proposed method.
